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PREFACE 
The following studies were conducted in response to recommendation 
No. 30 in tie "Report and Recommendations by the Environmental Protection 
Authority." Recommendation No. 30 states that the studies should 
comprise 
* 
field assessment of soils and vegetation, 
effects of gaseous fluoride on trees; 
effects of fluoride on soil and groundwater; and 
effects of fluoride on irrigated pastures. 
This report deals with the first three parts of the recommendation. 
Report and recommendations by the Environmental Protection 
Authority (1985). Proposed aluminium smelter - Kemerton, Inter-
national Aluminium Consortium of Western Australia. Bulletin No. 
214. (Department of Conservation and Environment, Perth, Western 
Australia).1975). 
SUMMARY 
An assessment of the impact of fluoride emission from a proposed 
aluminium smelter at Kemerton on soils and groundwater at the 
site was undertaken by conducting a field lysimeter experiment, 
supplemented by laboratory soil column and batch soil solution 
experiments. 
Six 0.6 m diameter 1 m deep lysimeters were constructed, three 
on Jandakot soil type and three on Gavin soil type. The 
lysimeters were watered twice weekly with 354 mm of water for 32 
weeks and included 6 week periods where 0.2 to 2.0 g of soluble 
fluoride was dosed with each watering. Six 4.4 em diameter 1 m 
high laboratory columns were used to simulate the six lysimeters 
and operated by displacing distilled water with water containing 
14 to 56 mg/L soluble fluoride. In addition, batch tests 
contacting the above soils and other soils from the proposed 
smelter site with 0 to 100 mg/L fluoride solution were carried 
0~. 
All the experiments indicate that Gavin soil could retain more 
fluoride than Jandakot soil. Fluoride retention was highest in 
the top 10 em of the soil profile and correlated with soil 
organic matter content. Fluoride retention increased with 
solution concentration, but much of the adsorbed fluoride was 
readily leached by water. Batch tests suggest that Joel and 
Karrakatta grey soils were similar to Gavin soil; Karrakatta 
yellow and deeper Jandakot soil layers had higher retention 
capacity than Gavin soil, most likely due to their soil mineral 
components. 
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A sketch on the impact of deposited fluoride on groundwater 
contamination based on the above results suggests that 
groundwater in the Joel soil area would be .aff.ected first from 
about the second year, increasing in F concentration ·to the 
input concentration in the fourth year. This sketch needs to be 
QUI'llified, however, because 'uncertainty still exists about how 
fluoride is retained by the soil in the longer term. 
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An assessment by the Environmental Protection Authority (EPA> of 
Restern Australia of the Environmental Review and Management 
Programme of a proposed aluminium smelter at Kemerton recommends 
that a study programme to address: 
field assessment of soils and vegetation 
effects of gaseous fluoride on trees 
effects of fluoride on soil and groundwater 
effects of fluoride on irrigated pastures 
be undertaken (Ref. 1}. 
The study programme on the effects of fluoride on soil and 
groundwater was conducted by the author utilising facilities of 
the School of Environmental and Life Sciences at Murdoch 
University. 
The main objective of the study programme conducted at Murdoch 
University was to determine how fluoride emitted from the 
proposed smelter and precipitated on soils surrounding the 
smelter would interact with the soils and consequently how the 
shallow unconfined aquifier water quality would be affected. 
The proposed aluminium smelter is to be located on sandy soils 
of the Swan Coastal Plain, which are known to have a poor 
retention capacity for phosphate (Ref. 2). In the Peel Harvey 
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Estuary catchment area up to 40% of applied phosphorus 
fertilizer is washed from deep sandy soils by rainwater 
resulting in phosphorus enrichment (eutrophication) of the 
estuary. 
In can be expected that fluoride, an anion like phosphate, will 
also be poorly retained by the sandy soils. 
A study of the removal of fluoride by Tomago sand near an 
alumiumium smelter in New South Hales showed that over 95% of 
the applied fluoride was retained by the sand (Ref. 3). The 
Tomago sand appears, however, to contain some mineral components 
such as iron and aluminium compounds which can fix fluoride. No 
reported study has been carried out on the retention capacity of 
the sandy soils near the proposed aluminium smelter at Kemerton 
for fluoride and underlies the importance attached by the EPA on 
the need to undertake the study (Ref. 1). 
The EPA felt that the study programme should include a field 
experiment conducted near the proposed smelter site so that the 
soils would be exposed to environmental conditions of the site. 
For this purpose several field lysimeters were constructed and 
monitored and the experiment and results are described in 
Chapter 3. 
The field experiment was supplemented by a laboratory column 
experiment simulating the field lysimeters but conducted under 
controlled conditions. This experiment is reported in Chapter 4. 
Laboratory batch tests were also conducted, where soils and 
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fluoride solutions contacted, to gain a better 
understanding of the interactions between fluoride and the soils 
( Chapter 5) . 
Common materials and methods used in the experiments are 
summarised in Chapter 2 and conclusions that can be drawn from 
the experiments are drawn together in chapter 6. 
2. KlTIRliLS ADD KITIODS 
2.1 Soils 
Soils for the experiments were obtained from areas adjacent to 
where the field lysimeters were set up (Figure 1). One set of 
lysimeters were located in Jandakot type soil and another set on 
Gavin type soil. These soil types occupy the greater part (66%) 
of the 400 ha area to be used by the aluminium smelter company 
<Ref. 1). 
Soil samples were obtained using a flat spade in increments of 
10 em down the soil profile. The collection of the soil after 
some rainfall helped to minimise soil wall collapse and 
contamination between soil layers. The in-situ bulk density was 
estimated from the volume excavated (box-shaped), the weight of 
the soil sample and the moisture content of the soil. The latter 
was determined by taking subsamples and drying them in the oven 
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Figure 1: Location of field lysimeters 










































































































































































































































































































































































































density and •oisture content of the soil sa•ples. Soil particle 
density at two depth levels were deter•ined using a density 
bottle and the results are also shown in Table 1. 
The lower bulk and particle densities of the top soil layer 
(0-10 c•> reflect the organic (hu•us) •aterials that have built 
up in this layer. The layer appears dark grey and the soil 
becoMes •ore pale grey going down the profile. 
Soil saMples fro• depths below 1 • and other soil types used in 
the batch tests were kindly provided by Hr G. Di••ock of CSIRO; 
these saaples were obtained by using a hand auger. 
2.2 fluoride, pi and BC detertinatioaa 
Fluoride in solution was deterMined using a fluoride electrode 
(ORIOR Hodel 96-09-00) in conjunction with a •V Meter (ORIOR 
Hodel 701A digital ionalyzer). To provide a constant background 
ion strength, decomplex fluoride and adjust solution pR, a TISAB 
II solution was added to sa•ples in a 1:1 voluMe ratio. The 
electrode was calibrated daily before and after •easure•ents and 
used following the procedure reco••ened by the •anufacturer. 
pR was Measured using a co•bined pR electrode and a Hetroh• 605 
I 
pR •eter, daily calibrated at two pR points. 
Electrical conductivity (EC) was deter•ined using a conductivity 
cell (Philips PH 9510) and a conductivity •eter (Philips PH 
9501). 
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3. PlBLD BIPBRlHBit 
3.1 Iptrq4uqtiop 
The field experiMent was aiMed at obtaining inforMation on bow 
fluoride and soils at Ke•erton would interact under prevailing 
environMental conditions at the site. A nuMber of practical 
difficulties were encountered in atteMpting to achieve this 
objective. The sandy soils at KeMerton did not lend theMselves 
to excavation without the tendency of collapsing, thus it was 
difficult to isolate an undisturbed soil coluMn and it would be 
hardly possible to install a drainage systeM for the soil 
coluMn. It was necessary to place carefully excavated soil in 
prepared lysiMeters. 
The water table is close to the surface at the proposed sMelter 
site. For the Joel type soil, which occupies approxiMately 27% 
of the 400 ba sMelter site,_ the water table is only 0.8 to 1.5 M 
in suMMer. Ho lysi•eter was constructed at this site since 
saMple collection fro• below the lysiMeter was not considered 
practical. 
There was the question of bow best to siMulate fluoride 
precipitation over the estiMated life of the sMelter (say 50 
years) in less than one year, and what precipitation figure (g 
of f/M2 /year} should be used. An approxiMate precipitation 
figure of 1 Mg f/M 2 /d (3g F/M2 /year) was used as a yardstick and 
twice weekly application of water at about a third of the annual 
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rainfall was employed. The approach taken was to attempt to 
saturate the soils with fluoride and to see how much fluoride 
would be retained by the soils and how the fluoride would be 
subsequently leached by rainfall. The time factor, which might 
help fluoride to be more strongly fixed by slow reactions given 
the time, would have to be investigated separately. 
Bearing in mind the practical limitations discussed above, the 
field lysimeter experiment should, however, provide an 
indication of the likely impact of fluoride on soils at 
Kemerton; and the construction of the lysimeters from reinforced 
concrete pipes would provide a facility that could be used over 
a longer term if desired. 
3.2 Lysi•eter construction 
Six lysimeters were constructed, three in Jandakot type soil and 
three in Gavin type soil. The lysimeters were located about 20 
meters south of Harriott Road. Those in Jandakot soil were about 
10 m west of the Department of Lands and Survey benchmark no. 
HRT-8 and those in Gavin soil were about 400 m east of the 
benchmark. Both sets of lysimeters were close to the middle 
points of their respective soil types along Harriott Road 
(Figure 1). 
The lysimeters were constructed of standard 1.2 m long, 600 mID 
reinforced concrete pipes (Honier-Roclal. Watering tanks and 
sampling wells were constructed of 2.4 m long, 600 mm ID 
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~einfo~ced conc~ete pipes. The a~~ange•ent fo~ one lysi•ete~ is 
shown sche•atically in Figu~e 2. Following ezcavation, the 
conc~ete pipe fo~ the sa•pling well was placed to a depth of 2.2 
• below the su~face, followed by the pipe ro~ the lysi•ete~ 
placed on a conc~ete pipe-end slab. A 15 •• PVC pipe was fitted 
between the base of the lysi•ete~ and the sa•pling well th~ough 
25 •• holes p~eviously d~illed th~ough the pipes. The pipe to~ 
the wate~ tank was set 0.2 • into the g~ound. Afte~ backfilling, 
the pipe to~ the wate~ tank was half-filled with soil and a 10 
c• laye~ of conc~ete was laid on top or the soil. The base or 
the lysi•ete~ was ce•ented to seal the joint between the pipe 
and the conc~ete slab. The pipe fo~ the sa•pling well was pa~tly 
backfilled but not conc~eted, so as to allow leachate not 
collected to~ sa•ples to seep th~ough. The inside su~faces or 
the lysi•ete~ and wate~ tank we~e painted with a laye~ or 
bitu•en paint to p~event the ~eaction or fluo~ide with calciu• 
in the conc~ete and ce•ent. 
Each wate~ tank, lysi•ete~ and sa•pling well was aligned 
south-no~th so that the lysi•ete~ would not be shaded r~o• the 
sun. In the sets of 3 lysi•ete~s, the lysi•ete~s we~e spaced at 
a distance or about 7~ • r~o• each othe~. 
3.3 Soil paokiaa 
Soil sa•ples which had been collected in laye~s of 10 c• 
(section 2.1) r~o• squa~e plots which had the sa•e 
c~oss-sectional a~eas as the lysi•ete~s, 0.283 • 2 , and sto~ed in 
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plastic bags, were put into the lysi1111eters in 10 c1111 layers and 
therefore packed to the sa1111e bulk density as when the soils were 
excavated. 
The soil in each lysilllleter was supported by a 7.5 c1111 layer of 
'garden snoR-stone' gravel graded fro1111 15 1111111 to 6 1111111 fro• the 
base up to facilitate leachate collection and prevent soil 
carry-over via the leachate collection pipe. The snow-stone was 
found to adsorb a negligible a1111ount of F (2 mg F/kg stone in 
contact Rith 50 1111g F/L solution, ' 111g F/kg stone in contact with 
100 1111g F/L solution). 
3.4 Lxeiaeter waterinG and leachate collection 
Each water tank was fitted with a 15 1111111 PVC outlet pipe, ball 
valve, spray head and a clear tube water level gauge (Figure 2). 
The height of the spray head was adjusted such that the shower 
spray just covered the entire surface area of the lysi1111eter at a 
rate adjusted by the ball valve which equalled the infiltration 
of the water through the lysimeter. 
Leachate sa111ples were collected using a simple proportioning 
device (Figure 3) so that only 1 L of saeple was collected for 
every 100 L of leachate flow. The device worked well .over a wide 
range of flow rates when tested in the laboratory. In the field, 
frequent backwashings of the capillary tube was necessary to 











Figure 3. Leachate sample collection 
proportioning device 
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lach lysimeter was operated by filling in the water tank with 
100 L of water obtained (and trucked) from the mains of the 
Shi~e of Ba~vey at B~unswick Junction <except fo~ wate~ fo~ the 
fi~st wate~ing). Leachate sample bottle f~om the p~evious 
wate~ing was ~et~ieved and a new sample bottle placed. Rate~ing 
was commenced by opening the ball valve and its ~ate adjusted so 
that the sp~ay covered the enti~e su~face of the lysimete~. 
Rate~ing of all lysimete~s was car~ied out twice a week fo~ a 
pe~iod of 32 weeks. Samples of inlet and outlet (leachate) wate~ 
r~om all lysimete~s we~e sent to Hu~doch Unive~sity fo~ analysis 
ofF, pi and IC (Section 2.2). 
The ope~ation of the lysimeters can be divided into 5 stages as 
shown in Table 2. The fi~st th~ee weeks we~e utilised to check 
the pe~fo~mance of the lysimete~s, and to establish the Mate~ing 
and sample collection p~ocedu~e. ln application of 100 L of 
Mate~ each time pe~ lysimete~ (equivalent to 354 mm of ~ainfall, 
o~ about 40% of the annual rainfall in the a~ea) Mas well within 
the hyd~aulic th~oughput of the lysimete~s. The ~ate of wate~ing 
was a~ound 1 L/ain, thus each application lasted about 100 
minutes. Under steady state conditions this ~ate would be 
equivalent to a hyd~aulic conductivity of 5 a/d. In p~actice 
leachate began to appea~ r~om seve~al minutes to half an hou~ 









































































































































































































































































































































































































































































































































































































and lasted for several hours. The volu•e of leachate collected 
was usually about 2 L per lysimeter when the proportioning 
device was not blocked, reflecting the higher sample collection 
rate when the leachate flow became low. 
For the next 6 weeks 1 g of F in the form of HaF was added each 
time to the water applied to lysimeter 2 (Jandakot soil) and 
lysimeter 5 (Gavin soil); 2 g of F was applied to lysimeter 3 
(Jandakot soil) and lysimeter 6 (Gavin soil) while the re•aining 
two were used as control. 
In the third stage, the adsorbed F was leached over a 7~ week 
period. This was followed by an application of F at lower levels 
(0.2 g, 0.4 g and 0.8 g) to both sets of lysimeters and allowing 
the adsorbed F to be leached again, with the aim of 
investigating the effect of F concentration on F adsorption and 
leaching. 
3.6 Besglts aad Discueeioa 
Figures 4 to 9 show the inlet and outlet F concentrations of 
lysimeters 1 to 6, while Figures 10 to 15 show the corresponding 
pH and EC. 
guality of water applied to lYsimeters 
The water brought in for the experiment had very little F (less 
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variation fro• 7.0 to 7.7. Its EC was initially fairly constant 
at about 0.3 aS/ca for the first 20 water applications, 
gradually rising after that to 0.5 aS/ca for the next 25 water 
applications, then suddenly increased to over 1 aS/ca before 
dropping in steps to 0.5 aS/ca at the end of the experiaental 
period and reflected the water quality supplied to Brunswick 
Junction. 
Quality of leachate 
The pH of the water dropped on passing through the lysiaeters, 
by about 0.3 of a pH unit through Jandakot soil and by about 0.6 
of a pH unit through Gavin soil. The acidic nature of the sands 
is well docuaented (e.g. Ref. ~). The larger pH drop through 
Gavin soil could be due to the higher organic aatter content of 
the sand. 
There was also a slight drop, 0.02 aS/ca, in the EC of the water 
on passing through soils, and aight be due largely to the effect 
of rainfall diluting the salts in the water. 
On addition of 1 g and 2 g of F to the input water there was an 
increase in EC coapared to the control of 0.0~ and 0.08 aS/ca 
respectively and corresponded closely to the expected increase 
due to 10 ag/L and 20 ag/L of r in solution. 
Both the Jandakot and Gavin soils in the lysiaeters becaae 
saturated with F within the 12 applications (no. 7 to 18) of 
101 
fluoride, with the Jandakot soil reaching saturation e~~lier 
(Figure 5 compared to Figure 8, and Figure~ compared to Figure 
9). There was not much difference in the .way saturation .was 
reached between applying 1 g F and 2 g F each time. The higher 
solution concentration resulted in a •higher amount of F .retained 
by the soil (compare Figure 5 and 6, and Figure 8 .and 9). 
On leaching the retained F (Rater applications no. 19 to 34) 
most of it was leached fairly rapidly, with the leaching f·rom 
the Jandakot soil taking place over a shorter period than from 
the Gavin soil. The time taken to leach the adsorbed F was 
approximately the same as the time taken to saturate the soils. 
Again there was no significant difference in ·the ·way t•he F was 
leached between soils which had been saturated with .1 0 mg/:L .F 
and soils which had been saturated with 20 mg/L F. 
Lysimeter hydrodynamics 
In interpreting the results of the lysimeter experiment, the 
characteristics of the soils summarised in Table 3 a~e of 
interest. Although the Gavin soil appeared to be a little more 
densely packed, the difference might be due to me.asurement 
errors in in-situ bulk density and particle density. Taking 
average values of all lysimeters, the pore volume per lysimeter 
































































































































































































































































































16 L. Application of 100 L of water would displace all the water 
remaining in the lysimeter from previous watering (field 
capacity= 16 L), but 16 L would remain until the next watering. 
This could partly explain the long tail in F concentration 
during leaching. 
Fluoride retention and leaching 
The amounts of F retained by and subsequently leached from the 
soils are summarised in Table 4. The derivation of the estimates 
shown in Table 4 involved a number of errors. The volume of 
water added to each lysimeter was not exactly 100 L, resulting 
in the variation in the concentration of F applied to the 
lysimeters (Figures 4 to 9). The variation was also caused by 
the difficulty in ensuring adequate mixing of the added F (in 
the form of 100 mL concentrated NaF solution) with the water in 
the tank, and in obtaining representative sample of the feed 
water. Judging from the variation in concentration of F coming 
from the lysimeters, the total error was likely to be about 10%. 
The volume of water coming from each lysimeter was assumed to be 
exactly 100 L each time. The actual volume was not measured, but 
was affected by rainfall and evaporation between waterings (3 or 
4 days). There is an indication from the EC measurements 
(Figures 10 to 15) that dilution by rain water took place in the 
earlier part of the experiment in winter and that concentration 
by evaporation took place in the summer months. The amount of 


























































































































































































































































































































































































































































































































































water applied (about 200 mm rainfall to over 4200 mm applied in 
12 waterings), and evaporation would be small since the 
lysimeters were not vegetated and the field capacity of the sand 
was small). 
There was further the uncertainty about the operation of the 
proportioning device, since it appears to have collected more at 
loR flow rates and the outlet samples would be biased towards 
the end of the sample collection period. It is difficult to 
estimate the errors of the estimates of F coming from the 
lysimeters, but would appear to be in the order of 10%. 
Rhen comparing the amount of F retained and the amount of F 
subsequently leached (Table 4), the difference in most cases was 
on average less than 20%, and indicates that we can draw valid 
conclusions from the results obtained under field conditions. 
The results shown in Table 4 indicate that: 
1. the amount of F retained by the soils in the lysimeters 
increased with the concentration of F in the applied water; 
2. Gavin soil could retain about double the amount of F 
compared to Jandakot soil under similar F solution 
concentrations; 
3. subsequent leaching washed off about all the previously 
adsorbed F. 
106 
The relationship between F retained by soils in the lysiaeters 
and F in applied water is shown in Figure 16, The relationship 
for Jandakot soil is fairly linear whereas for Gavin soil the 
relationship seeas to indicate a levelling off of the aaount 
retained with increased solution F concentration, considering 
also that at the lower r application rates the soils in the 
lysiMeters were not yet saturated at the end of the F 
applications (Figures 7 to 9). 
AssuMing that both curves in Figure 16 pass through the origin 
as indicated, any adsorbed F would subsequently be leached by 
rain water not containing F. This assuaption is not contrary to 
the observation of the behaviour of the lysiaeters during 
leaching (Figures 4 to 9), even though leaching aight not have 
exhausted all the F in the lysiaeters by the end of the 
experiaent. 
'· COLIN. IIPIRIMB~ 
,,1 Iatro4uctiop 
The coluan experiaent was designed to siaulate the field 
lysi•eter experiaent under controlled laboratory conditions. 
Two sets of three soil coluMns were constructed to parallel the 
two sets of lysi•eters in the field. Rather than watering the 
soil colu•ns interMittently as in tbe lysi•eter experi•ent, 






C) Jandakot soil 
E 






F in solution(mg/t) 
FIGURE 16: Relationship between F in applied water and F retained 
by soils in lysimeters 
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of the soil coluans for adsorbing F by displacing distilled 
water in the soil coluan with a solution containing F and 
vice-versa. The concentration of F in leachate sa•ples when 
plotted against the leachate voluae gives a breakthrough curve, 
which can provide infor•ation on the nature of F 
adsorption/desorption. In addition, the degree of aixing 
(dispersion) of an inert tracer as it aoves through the soil 
colu•n would give a good indication on how a point source of F 
would be dispersed in the groundwater. 
The variables investigated in the coluan experi•ent were F 
concentration, background electrolyte and flow rate. In addition 
soil saaples were analysed to deteraine in which soil layer F 
was held. 
4.2 Soil coluap 
The coluMns were constructed of 125 eM long, t.t2 c• internal 
diaMeter clear Perspex tubes (Figure 17). The outlet end of the 
tube was fitted with a rubber bung furnished with a glass tubing 
for leachate flow. Above the rubber bung was placed a sintered 
glass disc on a rubber 0 ring. Then t ca of glass beads (5, 3 
and 1 ••> were added and covered with a nylon screen wire to 
support the soil coluan and prevent soil particles 
elutriation. 
fro• 
Three-coluans were packed with Jandakot soil (coluan no. 1 to 3) 


















soils we~e packed in laye~s of 10 c• in a si•ila~ way as soil 
packing fo~ the field lysi•ete~s to a height of 1 •· A bulk 
density of 1.5, g/ca3 and 1.55 g/ca3 we~e unifo~•lY achieved 
without excessive packing p~essu~e fo~ the Jandakot and Gavin 
soils ~espectively. Relevant pa~aaete~s of the soil coluans a~e 
shown in Table 5. 
On top of the soil a nylon sc~een wi~e and two ca of glass beads 
we~e placed to p~event distu~bance of the soil when wate~ was 
int~oduced. To aaintain a conetant head of wate~ above the soil 
du~ing coluan ope~ation, a Ma~iotte bottle a~~angeaent was used. 
Leachate saaples we~e collected using a f~action collecto~. 
It was obse~ved du~ing coluan ope~ation and pa~ticula~ly 
initially du~ing hyd~aulic conductivity aeasu~eaent that soil 
settling took place, ~educing soil depth by app~oxi•ately 1 ca 
pe~ colu•n. 
4.3 Coluaa ope~atioa 
The soil coluans we~e initially satu~ated with distilled wate~ 
by displacing the ai~ in the soil po~es f~o• below, p~io~ to 
dete~aination of the satu~ated hyd~aulic conductivity of the 
soils. The latte~ was dete~ained by aaintaining a constant head 
diffe~ence between the inlet and outlet of the coluan and 












































































































































































































Each colu•n was saturated with fluoride solution, and then 
subsequently leached as shown in Table 6. Fluoride in the for• 
of WaF was used throughout. About 6 L of solution was usually 
used to saturate or leach a colu•n. 
A range of F concentration fro• 14 to 56 mg/L was used for the 
following reason. A fluoride deposition figure of 1 •gl•2 1day is 
equivalent to 28 mg F per column area over a 50 year period, the 
latter being the maximu• expected life of a s•elter. Since the 
pore volume of the soil colu•ns was about 0.5 Land about 2 pore 
volumes would be required to completely displace the initial 
volume of water in the column, 28 •g F in a litre of water 
passed through a column would si•ulate the i•pact of F on the 
soil. Time factor, soil drying and wetting and other factors, if 
operative, were not taken 
consideration. 
into account in the above 
A background electrolyte concentration of 0.01 H HaCL was used in 
most of the leaching runs to suppress the effect of ionic 
strength on F leaching, although distilled water was also used 
to simulate rainfall leaching. Calciu• chloride is normally used 
as a background electrolyte, but the high F concentration would 
precipitate not only calcium fluoride, but also •agnesium 
fluoride. 
A flow rate of 1 to 14 mL/min was used, equivalent to 1 to 12 
11/d of infiltration or up to the saturated hydraulic 




























































































































































































































































































































































































































































































































































































































































largely governed by the capability of the fraction collector, 
but the effect of residence time in the column, if significant, 
would be indicated by the different values used. 
Leachate samples were analysed for F, pB and EC (section 2.2). 
Column 6 was resaturated with F, drained and the Perspex column 
then cut into 10 sections of 10 em soil colu•ns. The soil was 
analysed for fluoride with and without soil moisture 
displacement using isopropanol, and F extraction with water (10 
g soil and 10 mL water) or TISAB II (10 g soil and 10 •L TISAB 
II solution). After shaking the soil and extracting solution for 
24 hours, the soil was separated by filtration and the filtrate 
analysed for F. 
t.t Results aad discussioa 
The results of leachate analysis in the saturation of the 
columns with F and subsequent leaching are shown as plots of F, 
pB and EC versus cumulative leachate volume in Figures 18 to 23 
for columns 1 to 6 respectively. Part (a) of each figure shows 
the F, pB and EC curves for fluoride saturation, while part (b) 
shows the curves for fluoride leaching. 
F saturation 
On displace•ent of the distilled water initially in the soil 
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electrolyte (as Measured by EC) apppeared first, since it is not 
adsorbed by the soil. The breakthrough curve of the background 
electrolyte provides an estiMate of the actual pore voluae in 
the soil coluan (see Figures 18(a) to 23(a), Rith values listed 
in Table 7). 
The pore volume in all the coluli'fts ranged froa 0. 53 L to 0.60 L, 
and averaged 0.56 L. The latter is sMaller than the calculated 
figures (Table 5) based on bulk density and particle density 
measure11ents. A SMall error in the particle density 
deterMination can, hoRever, cause a large error in the 
calculated pore voluMe. In addition settling of the soil during 
solution infiltration also decreased the calculated pore voluMe 
based on the original soil depth of 1 m. 
The F breakthrough curve appeared at a later time and shows that 
F adsorption by the soil took place. The a11ount of F adsorbed 
can be estimated from the F breakthrough curve by suM~ting the 
amount of F removed froM elements (say 0.1 L) of solution 
passing through the column. The estimated aMount of F adsorbed 
in each column when the soil was saturated <outlet concentration 
equals inlet concentration) is shown in Table 7. 
The appearance of the electrolyte breakthrough was accompanied 
by a drop in pH (Figures 18 to 23), which rose again when F 
breakthrough took place. The drop in pH was surprising since F 
adsorption froM solution is usually accompanied by a pH rise. 











































































































































































































































































































































































































































the top of the soil column causing a low pH solution, in some 
cases very low pH's, e.g. columns 3 (Jandakot soil) and column 4 
(Gavin soil), masking any slight increase in pH due to F 
adsorption. 
The breakthrough of F was accompanied by an increase in EC as 
expected. The increase was small, though of the same order as 
the expected value (56 mg F/L = 3.0 m mole/L ~ 0.3 mS/cm). 
The F breakthrough curves had the usual S- shape but the 'tail' 
section was rather long indicating that time dependent 
adsorption took place. The time dependency was further indicated 
by more F being adsorbed from solution by the soil on leaving 
the solution standing prior to leaching (see F leaching below). 
F Leaching 
Displacing F solution in the column with 0.1H NaCL or H20 
produced curves that are opposite to the breakthrough curves 
(Figures 18(b) to 23(b)). 
Further adsorption of F by the soil took place from the solution 
before the F solution was displaced. The effect is most 
noticable when the period of standing between column saturation 
and leaching was large (column 5, 107 days, Figure 22(b), column 
6, 14 days, Figure 23(b)). The adsorption ofF was greatest near 
the top of the soil as evidenced by the low F concentration in 
the solution coming out of the column near the 1 pore volume 
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mark. The pH around this point ~as higher, as expected, since 
the organic matter decomposition product (acidic) had been 
flushed during F saturation, and the pH rise due to F adsorption 
was not nearly as much affected. 
The EC of the leachate dropped rapidly around one pore volume, 
with the drop being clearly noticable when distilled water was 
used as the displacing liquid (Figure 22(b) and 23(b)). The drop 
in the EC preceded the drop in F concentration, indicating that 
F desorption took place. The 'tail' of the F curve was also 
long, suggesting that some part of the adsorbed F was only 
leached gradually. 
Amount of F adsorbed and desorbed 
The amounts of F adsorbed and desorbed are summarised in Table 
7. 
The results show that Gavin soil adsorbed more F than Jandakot 
soil (12.8 mg/kg compared to 4.9 mg/kg) at 56 mg/L solution 
concentration. Solution concentration affected the extent of 
adsorption (cf. columns 1 to 3), but the effect appears to be 
weak. There appears to be some effect of solution residence time 
in the column on adsorption, with less adsorption using a higher 
flow rate (cf. columns 4 to 6). The residence times of the 
solution in the column used were, however, relatively all short 
(0.7 to 3 hours). 
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Only 9% fu~the~ adso~ption occu~~ed while the solution and soil 
was left standing fo~ 2 days and it took 107 days to add 
significantly (40%) to the amount adso~bed (cf. columns 4 and 
6). 
Ove~ 55% of the adso~bed F was leached when distilled water or 
0.01H laCL was subsequently passed th~ough the columns. Leaching 
was not completed, howeve~, as small amounts of F still came out 
from the columns at the end of the experiment. On the average, 
the Jandakot soil (74%) was more easily leached of its F than 
Oavin soil (52%>. 
The use of distilled ~ater appea~s to slightly increase the 
amount ofF leached (cf. column 4 with columns 5, 6), although 
the diffe~ence might be due to a difference in the rates of 
solution infiltration. 
Compa~ison with lYsimete~ expe~iment 
lhen compa~ed to the field lysimete~ expe~iment, the following 
simila~ities can be pointed out: Gavin soil could adsorb more 
F than Jandakot soil; adsorbed F could be easily leached. 
The amounts of F adsorbed in the columns (4 to 13 mg/kg) were 
compa~able to the amounts adsorbed in the lysimeters. The 
solution concentrations used in the column experiment were, 
however, higher (14 to 56 mg/L) when compared to the lysimeter 
experiaent (2 to 20 ag/L). the results might indicate saturation 
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n 
of the soils by F because of the relatively high concentrations 
used. The difference in the methods of operation (continual 
versus continuous F additions) or the use of 0.01 K NaCL as a 
background electrolyte could explain the reduction 
adsorption in the column experiment. 
Resaturation of column 6 with F 
in F 
The results of the leachate analyses (F and EC> for the 
experimental run to resaturate soil column no. 6 (Gavin soil) 
with F are shown in Figure 23(c). The breakthrough curves for 
the background electrolyte and for F are similar to the initial 
saturation of the soil column (Figure 23(a)). Two differences 
can be observed, however: the initial liquid displaced from the 
column had residual F and electrolyte from the previous 
incomplete leaching (Figure 23(b), and that not as much F was 
adsorbed (18.7 mg compared to 31.6 mg (Table 7)). The total 
amount of F adsorbed in the soil, taking into account F 
previously adsorbed, was, however, the same in both runs. 
Also plotted in Figure 23(c) is a curve showing the absorbance 
at 440 nm of the first pore volume of the leachate. The liquid 
that was initially in the column was usually highly coloured, 
similar to the colour of water commonly found in the wetlands 
found on the same type of soil. The intensity of the colour of 
the leachate was highest when it originated from the top of the 
soil column. Although the colour intensity was only measured in 
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FIGURE 23(c): Column 6 (Gavin soil) Resaturation with F 
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The results of the analyses of the soil after the column was 
drained and sectioned is shown in Table 8. Differences in the 
values of F in the soil obtained by different methods are 
significant. The values obtained without washing the soil are 
very likely underestimated since one negative value was 
obtained, and is likely due to the difficulty in estimating the 
F in the soil moisture. The extraction using TISAB II 
surprisingly yielded values lower than values obtained when 
water was used; TISAB II was expected to liberate F from its 
compounds such as iron and aluminium. 
The results in Table 8 clearly indicate that more F was held in 
the surface layers of the soil. The amount of F absorbed by the 
soil is strongly correlated with the amount of organic matter in 
the soil. 
The average concentration ofF in the soil (5.2 mg/kg) is lower 
than the average concentration calculated from the saturation 
run (Table 7, 7.9 mg/L) and may reflect the stronger way F is 
held by Gavin soil (average 52% leached, Table 7), and that F 
may need a longer period to desorb. 
In the lysimeter experiment, most of the F adsorbed was desorbed 
even in the Gavin soil lysimeters. Drying and wetting of the 




The saturated hydr~ulic conductivity of the Jandakot soil was 
about four times that of the Gavin soil. The difference aay seem 
surprising since both soils were packed in the same way into the 
columns. It is due likely to the coarser particle sizes of 
Jandakot soil and the higher organic matter content of tbe Gavin 
soil. 
Dispersion 
The dispersion coefficient (D) of an inert tracer in the soil 
columns was estimated from tbe breaktbrougb curves of tbe 
electrolyte using Brenner's metbod (Ref. 7). The displacement of 
distilled water by the electrolyte solution during tbe 
saturation of the soil columns witb F gave D as shown in Figure 
24. The coefficient decreased witb pore velocity and may be due 
to the displacement of one liquid by a slightly denser liquid 
(distilled water by 0.01 H MaCL solution). 
The dispersion coefficient can be used to predict tbe dispersion 
of an inert tracer from a point or other sources in the field 
by, for example, computer modelling. Since F is also removed by 
the soil during its travel, the should also 
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FIGURE 24: Dispersion coefficient as a function of pore velocity 
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5. BlTCI IIPIRIKIIT 
5.1 Iatroductioa 
Batch tests we~e conducted to inc~ease the ~ange of F 
concent~ations and soil types that could be investigated without 
ope~ating field lysi•ete~s o~ even labo~ato~y soil colu•ns. 
The info~•ation that is obtained unde~ batch conditions cannot 
be di~ectly ~elated to lysi•ete~ o~ soil colu•n ~esults, since 
in a batch test the solution ~e•ains with the soil. Batch tests 
we~e the~efo~e conducted with Jandakot and Gavin soils, as used 
in the lysiMete~ and colu•n expe~i•ents, to deduce the 
~elationship between the ~esults of the th~ee expe~ieents. 
Batch tests we~e then ca~~ied out fo~ Jandakot soil obtained 
f~o• g~eate~ depths (to 6 e) and fo~ diffe~ent soil types found 
within the bounda~y of the p~oposed seelte~ site, including the 
ha~dpan laye~ comeonly found unde~laying the Gavin type soil 
(coffee ~ock). 
5.2 lxpe~iaeatal procedure 
Jandakot and Gavin soil saeples we~e d~ied (67°C) and 20 g 
saMples we~e contacted with 100 •L of 0 to 100 eg F/L (as RaF) 
in 0.01 K KgCl2 solution. The use of MgCl2 as a backg~ound 
elect~olyte ~athe~ than the coe•only used CaCl2 was to p~event 
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the formation of calcium fluoride precipitate (Ref. 6), although 
at the high F concentration magnesium fluoride could also 
precipitate. 
The soil fluoride solution mixtures were contacted in a shaker 
water bath set at 25°C for 24 hours and shaken at a rate of 20 
cycles per minute. Fluoride concentration and pH of the solution 
after 24 hours contact were determined as described in section 
2. 2. 
Jandakot soil samples from depths of (2.5 to 3.0 m), (4.0 to 
4.5 m) and (6.0 to 6.5 m) were also tested using a lower 
soil:solution ratio (10 g to 100 mL). These layers were chosen 
because they appeared to have significantly different colours 
(pale to stronger yellow) compared to the grey (0 to 1 m) layer. 
In addition, surface soils (0-10 em) and (50 - 60 em) of Joel, 
Karrakatta grey and Karrakatta yellow soils, and coffee rock 
were tested at a soil:solution ratio of 2 g to 20 mL, mixed in 
50 mL plastic vials on a Coulter roller mixer at room 
temperature (ca. The effect of time (1 to 24 hours) on 
adsorption was also explored for Karrakatta yellow sand, which 
had a fairly high adsorption capacity. 
5.3 Results and discussion 
The concentrations of F in soil and in solution after 24 hour 
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lyshu:lter- and colu1111n exper-i1111ents ar-e shown in Figure 25. The 
straight line por-tions of the cur-ves at concentr-ations of less 
than 15 111g/L suggest that the adsorption follows Fr-eundlich 
r-elationship 
wher-e S = Fin soil (l'!lg/kg) 
C = F in solution (t~~g/L) 
The slope of all the lines (n) in Figure 25 is about 0.6. 
Gavin soil has a higher F adsorption capacity than Jandakot 
soil, and for both soils the sur-face layer (0-10 ct~~) has a I'IIUCh 
higher capacity (about eight times) than the 60-70 ca layer- at 
the sa111e final F solution concentration (Table 9). 
At solution concentr-ations above 20 1111g/L a deviation froa the 
Freundlich relation is evident with the soils r-etaining less F 
than indicated by the str-aight line r-elationship. At 
concentr-ations above about 75 mg/L the r-esults may have been 
affected by t~~agnesium fluor-ide pr-ecipitation. 
Other- Jandakot soil saaples 
The results for Jandakot soil samples taken fr-oa below 1 m depth 
are shown in Figur-e 26. The thr-ee soil layers tested had at 



















































































































































































































































































































































































































































































































































































































































in the lysimete~ o~ column expe~iment. The shape of the cu~ves 
in Figu~e 26 is simila~ to those in Figu~e 25, except that the 
st~aight linea~ ~elationship on the log-log plot appea~s to hold 
only to about a solution concent~ation of 5 mg/L. The slopes of 
the st~aight lines a~e slightly smalle~ than fo~ the soils used 
in the lysimete~s/columns ~Table 9). 
Othe~ soil samples f~om the p~oposed smelte~ site 
The ~esults fo~ othe~ soil samples a~e shown in Figu~e 27. Below 
about 10 mg/L the data fit into F~eundlich ~elationship and the 
constants a~e summa~ised in Table 9. The coffee ~ock has the 
highest adso~ption capacity fo~ fluo~ide. The capacity is 
simila~ to the Jandakot soil laye~ (2.5-3.0 m) which has the 
highest capacity within its p~ofile. The capacity of the coffee 
~ock was, howeve~, not diminished at the highe~ F solution 
concent~ation. 
The Ka~~akatta yellow soil samples a~e simila~ to the 4.0 to 
5.0 m Jandakot soil laye~ not only in appea~ance (colou~ and 
textu~e) but also in thei~ adso~ption isothe~ms. The Ka~~akatta 
g~ey soil and the Joel soil a~e simila~. also both in appea~ance 
and F adso~ption cha~cte~istics, to Gavin soil. 
pH of solution 
The pH of soil solution mixtu~es afte~ 24 hou~ contact is shown 
in Figu~e 28. The pH of the solution inc~eased slightly with an 
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FIGURE 28: pH of soil solution mixtures after 24 hour contact 
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increase in F concentration for coffee rock and the Karrakatta 
yellow soil (see also Figure 29). For the other soils, including 
the soils used in the lysimeter and column experiments, there 
was an initial rapid increase in the 1 to 5 mg/L F range, and 
then a drop as F solution concentration decreased. The organic 
matter content of Jandakot, Gavin and Joel sands appears to be 
the common factor in distinguishing them from the deeper soils. 
Time dependent adsorption 
The results of the experiment to determine the effect of time on 
adsorption are shown in Figure 29. In general the amount of F 
adsorbed increased with time, initially at a more rapid rate, 
and hence greater errors are involved in the results of the 
short duration (1 and 2 hours) tests. There was about a 150% 
increase in the amount adsorbed between 1 hour and 24 hours. 
There was an increse in pH with F addition as mentioned abov~ 
although the values of pH dropped with time especially at the 
higher F concentrations. 
~comparison with column experimental results 
The F adsorbed by Gavin surface soil (0-10 em) in equilibrium 
with 56 mg/L F in solution is (from Figure 25) 72 mg/kg soil, 
and for soil at 50-70 em, 8 mg/kg. Comparing these values with 












Karrakatta yellow 50-60cm 
• 
5~--~-----.---.----------.---IC--~~ 
0.5 1 5 10 20 0.1 0.2 
F in solution(mg/ l) 






- • 0 !> 
-
- !> .., -
........ 
:J CJI- • 
CJ) -
0 ........ c -........ -· 0 -
:J 































Q) .... .... 
Q) 
~ 
















FIGURE 29(b): Effect of time on adsorption: pH of soil solution mixtures 
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xtures 
~olumn no. 6 (Table 8) for the same soil layers (12.9 and 4.0 
mg/kg respectively), we see that both sets of values are of the 
same order of magnitude. Furthermore, if we take into account 
that the soil concentrations in Table 8 are~ lower than 
concentrations calculated from F removed from solution by 50%, 
the agreement between the two sets of data is fairly good. 
The average values of F adsorbed per kg soil in the soil columns 
(5 mg/kg for Jandakot soil and 15 mg/kg for Gavin soil, Table 7) 
are close to the average values calculated from Figure 25 (7 
mg/kg for Jandakot soil and 14 mg/kg for Gavin soil) assuming 
the soil profile from 10 to 100 em is similar to the 60 to 70 em 
soil layer. The effect of solution concentration on the amount 
of F adsorbed by Jandakot soil in the column experiment is not 
as great, however, as predicted from Figure 25. 
Time of contact between soil and solution and the changing F 
concentration with time in the soil columns are not taken into 
account in the above comparisons. 
Translation of batch results to field environment 
The results of the batch tests, from the above considerations, 
give a good indication of what roughly would take place during F 
solution infiltration through a soil column or lysimeter. 
Considering also that the adsorption isotherms for the soils 
tested follow Freundlich relationship, we can extend the results 
of the column and lysimeter experiments to F concentration below 
151 
.. 
those used in the sxpel:'illlllients, by utilising the results of the 
batch experiMent in the lower concentration range. 
Re can also translate the results of the batch tests for the 
other soil saMples not used in the colu•n/lysimeter experiments 
to predict what would happen in the coluDn/lysimeter/field 
condi tiona. 
The deeper Jandakot soil should have a much higher retention 
capacity in the field to fix F than the first 1 m of the top 
soil. The coffee rock in the Gavin soil area would not only act 
as a hydraulic barrier to F bearing water, but also it would act 
as a F barrier, in the salle way as it does for phosphate in the 
sa•e groundwater environMent (Ref. 8). It appears then that the 
deeper groundwater in the Jandakot and Gavin soil areas would be 
not as rapidly contaMinated with F, from the proposed sMelter, 
but that the upper layer of the unconfined aquifer would be. 
This upper layer contributes the 11ost to wetlands and rivers 
during the winter rainfall flush of this aquifer layer 
(sub-surface run-off), and with it the fluoride. 
The ~arrakatta yellow soil, constituting 1% of the area of the 
proposed sMelter site but a greater area in the buffer zone, has 
a relatively large capacity for F adsorption. It is also 
undet'lain by liMestone so groundwater contaMination by F would 
be 111i ni111i sed . 
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Tbe ~a~~akatta g~ey soil aftd tbe Joel soil a~e siaila~ tp Gavin 
soil; tbe wate~ table in tbe Joel soil a~ea is close to tbe 
su~face and tbe bebaviou~ of F in tbe soil should follow the 
adso~ption /deso~ption of F in Gavin soil in tbe labo~ato~y, 
wbe~e tbe soil was cofttinuously satu~ated witb wate~. Tbe ~ole 
of o~ganic matte~ in tbe soil is iapo~tant and it is likely tbat 
o~gaftic deposits ift swa•p soils could fix a ~elatively la~ge 
aaount of F. 
6. GBIBRlL DISCISSIOI liD COICLUSIOIS 
Tbe ~esults of tbe lysiaete~, coluan and batch expe~i•ents a~e 
consisteftt witb eacb otbe~ and indicate tbat all tbe soils 
within tbe p~oposed saelte~ site bave soae capacity to ~etain 
fluo~ide f~o• wate~ pe~colating tb~ougb tbe•. Soae soil types 
a~e bette~ in ~etaining tbe fluo~ide, but in gene~al tbe 
Jaftdakot, Gavin and Joel soil types wbicb cove~ between tbea 93% 
of tbe tOO ba p~oposed saelte~ site bave ~elatively ve~y liaited 
capacity to ~etain fluo~ide. 
A ~ougb sketch of bow fluo~ide deposition f~o• tbe p~oposed 
s•elte~ would affect tbe soils and g~oundwate~ su~~unding tbe 
s•elte~ can be d~awn f~o• tbe ~esults obtained tbus fa~. Tbe 
sketch builds on tbe scena~io put fo~wa~d in Ref. 1 witb tbe 
additional data, but should not be ~ega~ded as co•plete because 
of tbe gap in info~•ation tbat still exists, and will be 
discussed below to qualify tbe sketch put fo~wa~d. 
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Taking the same figures as in Ref. 1 of 2.7 g/1111
2
/kg of F 
deposition, rainfall of 875 11111111/year and an average of 3 mg/L of 
total F in the water, of which only 50% is soluble, no fluoride 
will reach the groundwater beneath the smelter site in the first 
year. 
The first 10 cm of soil over an area of 1 1111 2 contains 150 kg of 
soil. At a solution concentration of 1.5 mg/L the t ~etention 
capacity of Jandakot soil is estimated at 5 mg/kg and of Gavin 
would pass beyond the top 10om of the Gavin soil and the 0.6 g 
passing through the top 10 oa of the Jandakot soil would be 
removed by soil profile to 1 m deep. The Joel and Karrakatta 
grey soils are similar to Gavin soil, while the Karrakatta 
yellow soil would be better in removing F than Gavin soil. 
F would start to appear in the groundwater in the Joel soil area 
and in the Gavin soil area above the coffee rook layer in the 
second year increasing in concentration until its concentration 
is equal to the concentration of the input water after 4 years. 
This is because the Joel soil and the Gavin soil have water 
tables close to the surface and there is little fluoride 
retention capacity besides that of the top 10 cm. It is 
estimated that the capacity of 1 m2 to a depth or 2 Ill is a.bout 




From the fifth year onward the subsurface run-off from the Gavin 
and Joel soil areas will have about the same F concentration as 
the input concentration, and this will continue until about 5 
years after there is no further F deposition. In the latter 
period, the adsorbed F will be leached by rainwater. 
The above sketch should be qualified because of our still 
incomplete knowledge of how fluoride is retained by organic 
matter in the long run. The data obtained thus far indicates 
that retention improves with time, but since organic matter is 
continuously being formed and decomposed, a longer term 
experiment is required. The effect of drying and wetting (Gavin 
soil) and continuous flooding (Joel soil and swamp soil) should 
also be given closer attention. 
The effect of dilution of the F contaminated water by 
uncontaminated groundwater, similar to the atmospheric F 
distribution around the smelter, could be modelled taking into 
account the water balance of the catchment area around the 
smelter, groundwater flow and F retention by soils to complete 
the assessment of the impact of F deposition on the groundwater 
and wetlands. 
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